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Understanding nacre’s bottom-up biomineralization mechanism, particularly, how individual aragonite
platelets are formed, has long remained elusive due to its crystallographic peculiarity and structural
complexity. Here we report that crystallographic order-disorder transition can be triggered within
individual aragonite platelets in pristine nacre by means of heat treatment and/or inelastic deformation,
offering a unique opportunity to discriminate mysterious aragonite nanoparticles in transmission electron
microscopy. Our findings unambiguously uncover why aragonite nanoparticles in pristine nacre have long
been inaccessible under TEM observation, which is attributed to the monocrystal-polycrystal duality of
the aragonite platelet. The underlying physical mechanism for why an individual aragonite platelet adopts
a highly oriented attachment of aragonite nanoparticles as its crystallization pathway is, for the first time,
explained in terms of the thermodynamics. The finding of an order-disorder transition in nacre provides a
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new perspective for understanding the formation for other biominerals.

DOI: 10.1103/PhysRevLett.109.025501

Nacre has attracted widespread interest, because its
unique hierarchical structure assembled with brittle arago-
nite (a polymorph of CaCOs) and organic biopolymer leads
to several orders of improvement in fracture toughness
(in energy terms) compared with its primary counterparts
[1-16]. Extensive work has hitherto revealed that nacre is
a self-assembled nanocomposite, consisting primarily of
highly organized polygonal aragonite platelets with a
thickness ranging from 200 to 500 nm and an edge length
of about 5 um sandwiched with 5-20 nm thick organic
biopolymer interlayers. A hot debate has been triggered on
the structural complexity and crystallographic peculiarity
of individual aragonite platelets in nacre. For instance, is
an individual platelet made of a single crystal or assembled
with nanoparticles? Previous work showed that individual
platelets are single crystals and form via epitaxial nuclea-
tion [3,4], resulting in a highly stacking sequence layer by
layer. Selected area diffraction pattern from TEM further
confirmed single-crystal appearance from the crystallo-
graphic relationship within single and/or multiple layers
[4]. These results, however, sharply conflict with the recent
observation that millions of nanoparticles were detected
inside one single aragonite platelet by atomic force mi-
croscopy [10,17]. Based on two seemingly contradictive
observations, the formation mechanism for individual pla-
telets can be ascribed to the screw dislocation-driven
growth model [18]. However, how to discriminate the
isolated aragonite nanoparticle within platelets under
TEM still remains elusive. Here several critical scientific
questions are raised: Does nacre cast a “perfect” single-
crystal platelet using millions of nanoparticles? If yes,
why can we not readily detect the “fused”” boundary or
interface between neighboring nanoparticles in TEM? To
elucidate these questions is of critical significance to the
understanding of nacre’s bottom-up self-assembly mecha-
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nism and its mechanical strengthening and toughening
secrets. Here we design two groups of experiments by
heat treatment and inelastic deformation with a purpose
to trigger the previously interparallel crystallographic ori-
entation of nanoparticles in pristine nacre. As a result, the
emerging disordered nanodomains offer a unique oppor-
tunity to discriminate aragonite nanoparticles with an
average particle size of a few nanometers. To shed more
light on our TEM observation, corresponding in sifu heat
treatment and bending coupled with atomic force micros-
copy (AFM) were employed to demonstrate the transition
of nanoparticle architecture from pristine to heat treated or
deformed nacre. Our results clearly unravel that an indi-
vidual aragonite platelet of nacre is a highly optimized
biomineral via highly oriented attachment of aragonite
nanoparticles. The ordering process can be rationalized
by thermodynamics, rendering a new perspective to under-
stand the formation of highly ordered structure in other
biominerals.

In this Letter, natural nacre materials from California red
abalone (Haliotis rufescens) that belong to the class of
gastropoda were chosen for the investigation. The shells
were collected alive in Santa Barbara, CA. To minimize the
detrimental effect of drying on the structure and mechani-
cal behavior of the shells, they were cleaned and then air
delivered in ice to the laboratory where the experiments
were conducted. The nacre samples were cut from the
nacreous layer of the shells with a water-cooled, low-speed
diamond saw. Then the nacre samples were rinsed thor-
oughly with distilled water. The room temperature TEM
samples were prepared by sectioning the nacre using the
microtome techniques (Microm HM 325 Rotary Paraffin
Microtome). The heat treated and inelastically deformed
postmortem powders were immediately collected and dis-
persed in distilled water with an ultrasonic wave for 2 h.

© 2012 American Physical Society
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FIG. 1. Ordered microstructure of an aragonite platelet in
pristine nacre. (a) Bright-field TEM image showing the brick-
mortar microarchitecture. (b) High-resolution TEM lattice fringe
image of individual aragonite platelets from (a) exhibiting a
single-crystal diffraction pattern (inset).

Both sectioning slice and powder samples were then trans-
ferred onto the holey carbon-coated copper film for obser-
vation with a JEOL JEM 2100F high resolution TEM at an
accelerating voltage of 200 KV. An in situ bending test was
carried out in a home-built three-point facility, combined
with a Veeco Dimension 3100 AFM system (Veeco
Metrology Group) for microstructure observation.

Figure 1(a) shows a TEM bright-field image of nacre’s
brick-mortar microarchitecture from a cross section. The
lattice fringe details [Fig. 1(b)] reveal a dense and continu-
ous atomic sequence. Through applying electron diffrac-
tion, a single-crystal pattern (inset) is presented, indicating
that nacre’s growth direction is toward [002] by crystallo-
graphic measurement. No additional crystallographic im-
purity is detected, implying nacre’s precise lattice stacking
sequence. Meanwhile, the spot diffraction array also means
that the crystallographic orientation along the ab plane
direction, not only for the ¢ axis, of the platelet is also
highly aligned (the zone axis is [100]). This crystallo-
graphic feature is further confirmed by the similar obser-
vation from a different zone axis (Supplemental Material
[19], Fig. S1). Thus, it seems to be conclusive that we can
grant nacre with a single-crystal biomineral.

Based on the above scenario, we designed two path-
ways to trigger nanoparticle rotation and deformation via
routine heat treatment and bending. The previously ori-
ented nanoparticles will give way to a new crystallo-
graphic rearrangement. Figure 2(a) reveals a bright-field
TEM image of aragonite platelet debris, as scratched from
a 350°C heat treated sample (heat treated in air for
10 min). To rule out the possibility of a phase trans-
formation from aragonite to calcite, the 350 °C heat
treated sample was ground into a powder sample for
x-ray diffraction (XRD) scanning, where all the peaks
can be well indexed as aragonite [Fig. 2(b)]. Our previous
results clearly show that metastable aragonite completes
the phase transition to calcite until 446°C [20].
Therefore, it is quite intriguing to see what happens on
the microstructure and crystallographic order inside ara-
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FIG. 2 (color online). XRD spectrum and TEM micrographs of
the nacre sample after 350 °C heat treatment. (a) Bright-field
TEM image of platelet debris. (b) All XRD peaks can be well
indexed as aragonite, showing phase stability of aragonite at
350°C. (c) Lattice fringe of the platelet exhibiting a hybrid
crystallographic feature, through applying the FFT pattern on
three typical boxed areas, for example, box areas D, E, and F,
the corresponding crystallographic orientation [(d)—(f)] present-
ing a gradual transition from polycrystalline to monocrystalline
appearance.

gonite platelets below this phase transition temperature
such as 350 °C. Through examining the electron transpar-
ent region, a lattice fringe [Fig. 2(c)] at the edge of the
platelet debris is found to be with a hybrid character. Let
us select three typical areas [marked by D, E, and F in
Fig. 2(c)]; for example, fast Fourier transform (FFT)
patterns from corresponding zones D, E, and F are,
respectively, presented in Figs. 2(d)-2(f). In Fig. 2(d),
the ringlike pattern reveals that the crystallographic ar-
rangement within zone D is disordered, and the disor-
dered pattern places a sharp contrast with the results from
Fig. 1(b) and Ref. [14]; thus, we suggest that the resulted
disordered fringe originates from the imposed heat treat-
ment. As moving to left, i.e., zone E, a hybrid crystallo-
graphic character [Fig. 2(e)] with both spot and ring
marks is presented. Surprisingly, the FFT pattern from
zone F fully transforms to a spot array without any
other crystallographic contamination, indicative of single-
crystal-like orientation [Fig. 2(f)]. The gradual order-
disorder transition shows that 350 °C heat treatment has
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FIG. 3 (color online). AFM evolution observation of aragonite
nanoparticles under different temperatures. (a) A reference mark
was made by Vickers indentation on the cross section of nacre,
where an interesting area enclosed by a white box was selected
for AFM observation. (b)—(f) are a series of AFM amplitude
images by means of heat treatments at T = 25, 100, 200, 300,
and 350 °C; a sharp shift of nanoarchitecture involving nano-
particle coarsening, reorientation can be detected at a relatively
high temperature, i.e. 300 and 350 °C, whereas there is no
obvious change at 25, 100, and 200 °C.

imposed an effect on the edge region of the platelet via
triggering the reorientation of aragonite nanoparticles. To
obtain a real-time evolution process of nanoparticle ar-
chitecture, we carried out in situ heating experiments at a
series of temperatures, i.e., 100, 200, 300, and 350 °C, as
shown in Fig. 3. For in situ imaging, a Vickers inden-
tation mark was made on the cross section for reference
[Fig. 3(a)], where an interesting area (white box enclosed)
was selected for AFM imaging. At 100 and 200 °C, no
obvious temperature effect is detected on the nanoparticle
arrangement [Figs. 3(c) and 3(d)] compared with the pris-
tine status [Fig. 3(b)]. With increasing the temperature to
300 [Fig. 3(e)] and 350 °C [Fig. 3(f)], a sharp shift of
nanoparticle architecture is provoked, which might be
explained as grain coarsening and/or crystal reorientation.
Based on the observation, we thus conclude that the ob-
served nanoparticles [Fig. 2(c)] originate from a pristine
aragonite platelet without phase transition occurrence.
Additionally, we also probed the effect of inelastic de-
formation on the order-disorder transition of aragonite
nanoparticles. In situ three-point bending [21] in conjunc-
tion with AFM are utilized to observe a change of the
nanoparticle architecture inside a pristine [Fig. 4(a)] to
deformed [Fig. 4(b)] platelet. Clearly, the remarkable
change of nanoparticle morphology is in excellent agree-
ment with the order-disorder transition. After bending (3%
flexural strain), the deformed sample was used to prepare a
TEM powder sample using the scratch method (peeling off
along the ab plane). The bright-field image [Fig. 4(c)]
shows that postmortem debris adheres to the biopolymer

Pristine | (b)

Deformed

Reference Reference

FIG. 4 (color online). Microstructure observation of aragonite
nanoparticles. (a),(b) AFM nanoparticle observation within an
interesting area (white box enclosed) from pristine and deformed
nacre (three-point bending), showing the change in nanoparticle
architecture. After that, a TEM sample was prepared from a
severely deformed sample (3% flexural strain). (c) Aragonite
platelet fragment adhering to a biopolymer interlay (arrowed).
(d) Disordered nanoparticle arrangement from inside the platelet
scatters a polycrystalline pattern (inset), showing an order-
disorder crystallographic transition upon inelastic deformation.

chain. Figure 4(d) obviously demonstrates a lattice image
where aragonite particles are arranged in a disordered
fashion, in sharp contrast with those in Fig. 1(b). The
random crystallographic orientation is further confirmed
by the ringlike FFT pattern (inset). This result suggests that
the previously interparallel aragonite nanoparticles have
given way to random orientation.

Figure 5 is a two-dimensional schematic illustration that
an order-disorder transition [(a) to (b)] can be initiated
through temperature or deformation. The crystallographic
evolution can be derived from the well-recognized fact that
aragonite nuclei crystallize into several-nanometer-sized
particles from molecular attachment [22] and subsequently
self-assemble into pseudo single crystal (sharing the same
orientation) via reducing the surface energy [23].

Thermodynamically, we consider the aragonite nano-
particle self-assembly as a thermodynamic system with
constant pressure and temperature:

AG=AV-P—T-AS, (1)

where AG is the change of Gibbs free energy and P, AV, T,
and AS are the pressure, system free volume change (free
volume refers to the available space after nanoparticle
packing [24]), absolute temperature, and entropy change,
respectively. Apparently, the spontaneous self-assembly
process can lead to a decrease of Gibbs free energy
(AG < 0) [18], accompanied with the high ordering of
aragonite nanoparticles, as validated by TEM observation
[18,25]. In this regard, it seems to be counterintuitive that
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FIG. 5 (color online). Order-disorder transition of the arago-
nite nanoparticle arrangement. (a) Aragonite nanoparticles are
self-assembled into a pseudo-single-crystal platelet (sharing the
same orientation). (b) Upon imposing external effects, i.e., heat
treatment and/or inelastic deformation, nanoparticles are rear-
ranged in a random manner. (c) The disordered colloidal arago-
nite nanoparticles self-assembled into an ordered aragonite
platelet via decreasing the Gibbs energy (AG; <0). Upon
imposing an external effect, i.e., heat treatment and/or inelastic
deformation, the Gibbs energy will accordingly increase
(AG, > 0) but cannot rebound to the previous state (|AG,| <
|AG,|). The excess energy (AG;) can be derived from the
amount of grain boundary bonding energy, relative to the free
colloidal aragonite nanoparticles.

spontaneous self-assembly reaction should be towards dis-
ordering (entropy increase based on the third law of ther-
modynamics). How does the system realize the ordering
without external work? Pioneering work by Onsager [26]
has shown that the compensation entropy due to free
volume change (AV < 0) from initial disordering to final
ordering can be more than the entropy loss associated
with the ordering process. That is, the thermodynamically
spontaneous process (AG < 0) in Eq. (1) can be realized
because of the highly oriented attachment (AV <0),
although the ordering process induces the decrease of
system entropy. Conversely, when a temperature effect
(i.e., 350 °C) is imposed upon the ordering system under
a constant pressure, the endothermic reaction [20] prior to
the occurrence of phase transition to calcite can raise the
Gibbs free energy (AG > 0):

AG=AV-P—T-AS—S-AT, )

where S is the system entropy (S > 0 above absolute zero
temperature) and AT is the temperature change (AT > 0).
The reaction is inherently accompanied by the entropy
increase (AS > 0) due to the disordering, implying that
the free volume expansion of an aragonite platelet has to be
compensated (AV > 0) despite no experimental evidence
on hand, while upon mechanical deformation with invari-
able temperature and pressure, the increase of Gibbs free
energy (AG > 0) can be translated by the energy in the

form of external work arising from deformation. Similarly,
the deformation-induced crystallographic transition due to
disordering can increase entropy (AS > 0). Therefore,
based on Eq. (1), the free volume will accordingly expand
(AV >0), as evidenced by the nanoparticle rotation
or reorientation from ordering to disordering [21].
Significantly, the increased Gibbs free energy (AG, in
Fig. 5) associated with the heat treatment or mechanical
inelastic deformation is smaller than AG; (AG, is the
energy loss from disordered colloidal aragonite nanopar-
ticles to a highly ordered aragonite platelet). The excess
energy (AGs) can be ascribed to the amount of Gibbs
energy change from colloidal nuclei to the aragonite pla-
telet with disordered aragonite nanoparticles (AG; =
AG, — AG,), where the disordered aragonite nanopar-
ticles are bonded together by a grain boundary, relative
to the free surface at the colloidal state.

Based on the aforementioned results, several aspects
should be noted. First, conventional methods for fabricat-
ing nanostructured metallic materials need a hypercritical
method or condition, i.e., surface mechanical attrition
treatment [27], high pressure torsion [28], or severe plas-
tic deformation [29]. Here, our observed nanoparticles
remain comparatively easier to be acquired by medium
temperature (350 °C) and routine mechanical deforma-
tion. Moreover, we notice that particle size is in the
regime of a few nanometers, which is sharply different
from that achieved in engineered materials through using
modern top-down techniques. This can be explained only
by the fact that aragonite nanoparticles in biomineral
nacre are readily rearranged in a disordered manner ow-
ing to a relatively active or weak boundary. Second, to
rule out the possibility that an artificial factor in the
scratch process may affect the microstructure of fragment
in Fig. 4(c), we show another case that a TEM sample
from pristine nacre is also prepared by the same method
(Supplemental Material [19], Fig. S2). The results dem-
onstrate that the scratch process using a razor blade has
no effect on the microstructure, as evidenced by the
single-crystal diffraction pattern. Third, we suggest that
it is quite difficult to discriminate aragonite nanoparticles
in pristine nacre under TEM, because the crystallographic
orientation is highly aligned. TEM results with single-
crystal appearance have independently been reported by
several different methods, i.e., focused—ion-beam fabrica-
tion [10], ion milling [11], and microtome sectioning
[18]. All previous TEM observations showing single-
crystal character are not contradictive with our explana-
tion, as proposed by the monocrystal-polycrystal duality
of aragonite platelet. However, our viewpoint, at least, is a
coexistence perspective for aragonite platelet formation
relative to the epitaxial growth mode [3,4]. Fourth, self-
assembly biominerals often show single-crystal-like nano-
crystalline aggregation, i.e., brittle star [30,31], which can
be regarded as an imperfect single crystal. There exists a
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long-range topological ordering, but it may lose short-
range ordering owing to grain boundary-interface transi-
tion and biopolymer impurity (amorphous aggregation). A
similar crystallographic model was recently reported in
metallic glasses under high pressure [32].
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and Dr. Douglas Blom at the University of South Carolina
EM Center for TEM technical support. This work was
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